The cDNA clone pG2 was originally isolated from a human pheochromocytoma. The respective gene was found to be strongly expressed in normal adrenal zona glomerulosa and medulla, as well as in Conn's adenomas and pheochromocytomas. To shed more light on the expression and regulation of the pG2 gene, we investigated its expression in a wide variety of different adrenal neoplasms and cultured adrenal cells. Northern blot analysis was used to determine the steady state level of pG2 mRNA. Besides normal adrenals, Conn's adenomas and pheochromocytomas, we found abundant expression of pG2 mRNA in Cushing's, virilizing and nonfunctional adrenocortical adenomas and carcinomas, as well as in hyperplastic adrenals. The relative levels of pG2 mRNA in various adrenocortical tumors were not significantly different from those in normal adrenals and pheochromocytomas. In primary cultures of normal adrenal cells, treatment with adrenocorticotropin induced a 3-to 15-fold increase in the expression of pG2 mRNA (P < 0.01), and this effect was reproduced by incubation with (Bu) 2 cAMP. In cultured pheochromocytoma cells, treatment with (Bu) 2 cAMP and a protein kinase inhibitor, staurosporine, increased pG2 mRNA accumulation (2-to 4-fold over the control level, P < 0.01, and 3-to 8-fold, P < 0.01, respectively). These results indicate that pG2 is widely expressed in normal and pathological adrenal tissues from both cortical and medullary origin, which eliminates its usefulness as a specific marker for zona glomerulosa or medullary adrenal tumors. Accumulation of pG2 mRNA is regulated by multiple differentiating factors through different pathways in primary cultures of normal adrenal and pheochromocytoma cells.
Introduction
The cDNA clone pG2 was originally isolated on the basis of its differential expression in a human pheochromocytoma, a tumor of mature adrenal chromaffin cells, versus a neuroblastoma. Expression of pG2 mRNA was demonstrated to be limited uniquely to the normal adult adrenal gland, including both adrenal cortex and medulla. Therefore, pG2 was supposed to be adrenal specific (1) . Nucleic and amino acid sequence alignments revealed that pG2 is a homolog to a number of recently published cDNAs. These homologous genes are expressed in various tissues and show different functions. Preadipocyte factor-1 (Pref-1) may be involved in the differentiation of 3T3-L1 fibroblasts to adipocytes (2) . A putative homeotic Delta-like protein (dlk) is expressed in tumors with neuroendocrine features (3) . Mouse stromal cell-derived protein 1 (SCP-1) was cloned originally from a stromal cell line PA6 (4) . Rat adrenal zona glomerulosa-specific factor (ZOG) is specifically expressed in cells forming several layers just beneath the adrenal capsule (5, 6) .
Fetal antigen-1 (FA-1) was originally isolated from second trimester amniotic fluid (7) , and it is most likely the secreted form of the protein translated from the above mentioned mRNAs (8) . These mRNAs may be transcribed from the same gene as splice variants in different tissues, and post-translational tissue-specific modifications may exist (8) (9) (10) . Immunohistochemical studies have demonstrated these proteins in fetal adrenals, hepatocytes, all glandular cells of the early pancreas primordium, and around the blood islands of the yolk sac (8, 11) . In adult tissues, these mRNAs have been detected in placenta, insulin producing b-cells, somatotropic cells of the pituitary gland, and a number of neuroendocrine tumors, while the most pronounced expression was seen in the adrenals (1, 3, 8) .
The role of strong pG2 mRNA expression in adrenals is still obscure. The highly restricted tissue distribution of pG2 mRNA expression suggests that pG2 may play an essential role in the differentiation and/or proliferation process of adrenal cells. In the adult adrenal gland pG2 was found to be highly expressed in both cortical and medullary tissues (1) . Immunohistochemical studies revealed a strong staining reaction in the zona glomerulosa of the cortex (6, 12) . Consistently, human Conn's adenomas also contained abundant pG2 mRNA, in contrast to the absence of pG2 mRNA in mouse adrenal zona fasciculata-derived Y-1 cells (5) . In human adrenal medulla, pG2 mRNA has been shown to be a midgestational marker of the chromaffin cell lineage and it was found to increase 4 weeks after the appearance of tyrosine hydroxylase; it was the first identified marker of chromaffin development (13) . However, although pG2 was originally cloned from human adrenal tissues, its expression pattern in different adrenal tumors and hyperplasias has not been investigated systematically. In the present study, we analyzed the expression of pG2 mRNA in a variety of pathological adrenal tissues, and further investigated its regulation in cultured normal adrenal and pheochromocytoma cells.
Materials and methods

Patients
Normal adrenals were obtained from patients who underwent nephrectomy for kidney tumors. Pathological adrenal glands were obtained during the operations performed at the Department of Surgery, Helsinki University Central Hospital. The pathological adrenal tissues investigated in this study included bilateral and nodular adrenocortical hyperplasias, Cushing's, Conn's, virilizing and nonfunctional (on the basis of clinical data) adrenocortical adenomas and carcinomas, as well as pheochromocytomas ( Table 1 ). All tissue specimens were sent to the Department of Pathology, where they were dissected within half an hour, and the diagnosis was established based on the combination of clinical and histological parameters. The procedures followed were in accordance with the principles of the Local Ethical Committee.
Cell cultures
Small pieces of the adrenal tissues were briefly frozen in liquid nitrogen and then stored at -70 ЊC. The remaining tissues from normal adrenal glands and pheochromocytomas were cultured as described previously (14) . The growth and morphological characteristics of the cultured cells were assessed by phase contrast light microscopy. The experiments were performed in triplicate wells. Synthetic adrenocorticotropin 1-24 (ACTH) was obtained from N V Organon (Oss, Holland). (Bu) 2 cAMP, 12-O-tetradecanoyl phorbol 13-acetate (TPA), staurosporine, and 7S-nerve growth factor (NGF) were purchased from Sigma (St Louis, MO, USA).
RNA analysis
Total RNA was isolated from the frozen tissues by ultracentrifugation through a cesium chloride cushion (15) . Extraction of cytoplasmic RNA, Northern blotting, and hybridizations were performed as previously described (14, 16) . A 30-mer oligonucleotide probe for pG2 mRNA was synthesized at the Institute of Biotechnology, University of Helsinki. The sequence was 5 0 -TTG AGC TCT TTC ATG GAC ACC TTC AGG ATG -3 0 , corresponding to the nucleotides 1011-1040 of the human pG2 cDNA (GenBank accession no. X17544) (17) . This sequence is also complementary to the corresponding nucleotides of human dlk (GenBank accession no. U15979), rat Pref-1 (GenBank accession no. U25680) and mouse SCP-1 (GenBank accession no. D16847) mRNAs. For molecular verification of Conn's adenomas, an oligonucleotide probe for P450c18 (steroid 18-hydroxylase) was used. Its sequence was 5 0 -ATG CAA GAC TAG TTA ATC GCT CTG AAA GTG-3 0 , corresponding to the nucleotides 6445-6474 of the human P450c18 gene (GenBank accession no. D13752) (18) . Ribosomal 28S RNA was used as a loading control (19) . The oligonucleotide and cDNA probes were labeled as described previously (20) . The relative intensities of autoradiographic signals were quantitated by densitometric scanning. All the data shown here were normalized with the respective 28S RNA values. The correlations of different mRNA concentrations in the in vivo adrenal samples were analyzed by Spearman's test. Differences in the mean mRNA levels were assessed by the Mann-Whitney test. The level of significance was chosen as P < 0.05. 
Results
Consistent expression of pG2 mRNA was detected in all adrenal tissues investigated (Fig. 1) . Northern blot analysis revealed a major mRNA species of approximately 1.7 kb in normal and pathological adrenals in vivo and in vitro. In addition, a much less abundant transcript of approximately 4 kb in size was detected in some pheochromocytoma samples in vivo (Fig. 1A) , as reported previously in rat adrenals (10) . In agreement with previous reports (1, 5) , normal adrenals, Conn's adenomas and pheochromocytomas abundantly expressed pG2 mRNA (Fig. 1A,B ). The relative level of pG2 mRNA in 9 Conn's adenomas and 17 pheochromocytomas was not significantly different from those in normal or the tumor adjacent adrenals (all P > 0.05).
P450c18 mRNA expression was used as a molecular marker for Conn's adenomas, where it was readily detected (Fig. 1B) as reported previously (18). Expression of P450c18 mRNA was undetectable in normal adrenals and other pathological adrenocortical tissues in our Northern blots exposed for up to 28 days. In addition, Cushing's, virilizing and nonfunctional adrenocortical adenomas, bilateral and nodular adrenocortical hyperplasias and adrenocortical carcinomas (Cushing's, aldosterone-secreting, virilizing and nonfunctional type) expressed pG2 mRNA to the same extent ( Fig. 1C and Table 1 ). Expression of pG2 mRNA was also detected in human ovarian granulosa cells (from in vitro fertilization patients), a human Leydig cell tumor and rat pheochromocytoma PC12 cells, with the same transcript size as in human adrenals. In contrast, there was no detectable expression of pG2 mRNA in liver and parathyroid adenomas (data not shown).
In cultured normal adrenal cells, treatment with ACTH increased pG2 mRNA accumulation in a doseand time-dependent manner. The induction of pG2 mRNA expression by ACTH was already detectable at a concentration of 0.3 nmol/l after 24 h of treatment, and the maximal increase (3-to 15-fold over the control level, P < 0.01, in repeated experiments from six different adrenals) was reached with an ACTH concentration of 3 nmol/l upwards ( Fig. 2A) . Time-course experiments demonstrated a 50% increase in pG2 mRNA after 4 h of ACTH treatment, but the major induction occurred after 12 h incubation. (Bu) 2 cAMP also enhanced pG2 mRNA expression dose-dependently (up to 7-fold, P < 0.01, in repeated experiments from five adrenals), with maximal stimulation at a concentration of 1 mmol/l. ACTH and (Bu) 2 cAMP had no additive effect on pG2 mRNA accumulation (data not shown). As expected, both ACTH and (Bu) 2 cAMP enhanced expression of the steroidogenic enzyme genes and secretion of cortisol from the cultured adrenal cells (data not shown) as reported previously (20) . The effects of TPA (160 nmol/l) and staurosporine (100 nmol/l) on the basal or ACTH-induced expression of pG2 mRNA were variable, with slightly increased pG2 mRNA levels in some cultures but not in others (Fig. 2B) . Statistical analysis showed that the effects of TPA and staurosporine were not significant (both P>0.05). We also detected high levels of pG2 expression in cultured Cushing's, Conn's and nonfunctional adrenocortical adenoma cells (data not shown).
In primary cultures of pheochromocytoma cells, treatment with staurosporine increased pG2 mRNA accumulation in a dose-dependent manner after 1 and 3 days of treatment. The induction of pG2 mRNA expression by staurosporine was already detectable at a concentration of 10 nmol/l after 3 days of treatment, and the maximal increase (3-to 8-fold over the control level, P < 0.01, in repeated experiments from four different pheochromocytomas) was reached at 100 nmol/l (Fig. 3A,B ). (Bu) 2 cAMP also enhanced pG2 mRNA expression at a concentration of 1 mmol/l after 3 days of treatment (2-to 4-fold over the control level, P < 0.01, in repeated experiments from three pheochromocytomas) ( Fig. 3C ). There was no significant difference between the levels of pG2 expression with (Bu) 2 cAMP/staurosporine and that of (Bu) 2 cAMP alone or staurosporine alone in repeated experiments. Changes in pG2 mRNA abundance in response to TPA (160 nmol/l) (Fig. 3C) were not statistically significant. NGF (200 mg/l) had no significant effect on pG2 mRNA expression (data not shown).
Discussion
It has previously been demonstrated that alternate splicing generates multiple forms of pG2 transcripts. Detection of the approximately 1.7 kb species of pG2 transcript in all our samples with Northern blot analysis indicates that it is the predominant form of pG2 mRNA in both normal and pathological adrenal tissues. This is in accordance with previous reports (1, 21) . pG2 has been found to be specifically expressed in zona glomerulosa and medulla of normal adrenals, as well as in Conn's adenomas and pheochromocytomas (1, 5) . Therefore, it is a potential marker for these tumors. We observed that pG2 is expressed not only in aldosterone-producing cells, but also in cortisol-and androgen-producing adrenocortical cells. The relative pG2 expression in Conn's adenomas and pheochromocytomas was not significantly different from that in normal adrenals and other adrenocortical tumors. The strong pG2 gene expression in glucocorticoid-and androgen-producing neoplasms is unlikely to originate from zona glomerulosa or chromaffin cells, since the zona glomerulosa specific marker P450c18 (this study) and the neuroectodermal marker chromogranin A (22) mRNAs were undetectable in these adrenocortical tumors. In fetal adrenals pG2 is expressed abundantly in nearly all adrenocortical cells. In contrast, expression of pG2 is located to the outer region of the neonatal adrenal cortex, and eventually restricted to the glomerulosa layer of adult adrenals, with minimal expression in the cells of fasciculata and reticularis layers (5, 12, 13) . In this respect, Cushing's, virilizing and nonfunctional adrenocortical tumors behaved unexpectedly with relatively abundant pG2 expression in these neoplasms. pG2 expression may somehow be related to steroidogenesis, as evidenced by its regulation in adrenocortical cells by a physiological hormone, ACTH, as well as its expression in ovarian granulosa cells and a Leydig cell tumor.
In primary cultures of normal adrenocortical cells, the accumulation of pG2 mRNA was up-regulated by ACTH, suggesting that ACTH may be at least one of the principal regulators of pG2 expression in adrenal cells. It is well known that actions of ACTH are mainly mediated through the activation of adenylate cyclase and the subsequent increase in intracellular cAMP. In our study, the stimulatory effect of ACTH was mimicked by (Bu) 2 cAMP treatment, suggesting cAMPdependent protein kinase as the second messenger of ACTH action on pG2 expression. This appeared to be contrary to previous reports showing that there was no remarkable change in pG2 mRNA expression in the adrenal glands of ACTH-treated rats (5, 6) . However, P450scc (cholesterol side-chain cleavage enzyme) mRNA was also unresponsive to ACTH in those reports, suggesting that the adrenocortical ACTH response may not have been optimal. Alternatively, the different response of pG2 gene expression to ACTH in rat and human may represent species specific differences.
It appeared that regulation of pG2 mRNA expression may be tissue specific, because accumulation of pG2 mRNA was increased by a protein kinase inhibitor, staurosporine, in cultured pheochromocytoma cells but not in cultured adrenocortical cells. The effect of staurosporine in cultured pheochromocytoma cells may not be through the inhibition of protein kinase A and C, since activation of the protein kinase A pathway (by (Bu) 2 cAMP treatment) also increased pG2 mRNA expression, and depletion of protein kinase C by prolonged TPA incubation had no significant effect on pG2 gene expression. Staurosporine can elicit neurite outgrowth in pheochromocytoma cells in the absence of NGF receptors, suggesting staurosporine as a unique neurotropic compound (23) . In our experiments, the increment of pG2 mRNA accumulation by staurosporine was accompanied with an increase in the expression of neuropeptide Y gene (J Liu, R Voutilainen, P Heikkilä & A I Kahri, unpublished observation). Therefore, pG2 may not be a reliable chromaffin marker in pheochromocytoma tissues as suggested in previous reports (1, 13) . Our data in pheochromocytoma cells are in agreement with (Bu) 2 cAMP increasing expression of pG2 gene in a human neuroblastoma cell line SMS-KCNR (24) .
Our data indicate that pG2 is widely expressed in normal and pathological adrenal tissues from both cortical and medullary origin. pG2 expression is not a useful marker for distinguishing different adrenal tumors. Expression of pG2 mRNA is responsive to multiple differentiating factors in primary cultures of normal adrenocortical and pheochromocytoma cells.
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Figure 2
Regulation of pG2 mRNA accumulation in primary cultures of normal adrenal cells. The dispersed cells were allowed to grow for 5 days before the agents were added for 24 h of treatment. Cytoplasmic RNA was extracted and the Northern blots were prepared with 10 mg RNA in each lane. The hybridization conditions were the same as for Fig. 1. (A) Dose-dependent effects of ACTH on the expression of pG2 mRNA. (B) Effects of ACTH (30 nmol/l), TPA (160 nmol/l) and staurosporine (ST; 100 nmol/l) alone or in combination on the expression of pG2 mRNA. The experiments were repeated at least six times with cells from different patients, and the results were comparable.
